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between the Crankshaft and Valves




The design of timing drives in modern inter-
nal combustion engines is affected by a 
large number of parameters, which influ-
ence each other. Engine development usu-
ally starts from the top down, i.e. with the 
control of the charge cycle. This approach 
carries the risk that target conflicts are 
caused by systems that are taken into con-
sideration at a later date, for example, if ad-
justment of the timing drive to suit the spe-
cial design features of the crankshaft results 
in negative effects for the camshaft phasing 
system.
Experience shows that the development 
process currently used cannot realize all the 
available optimization potential. The chal-
lenge is to define all subsystems in detail 
at the very beginning of development 
so that the optimum 
is achieved at sys-
tem level. This type 
of demanding de-
velopment work 
can only be man-
aged if all depart-
ments involved – 
both from the 
automobile manu-
facturer and the 
supplier – collabo-
rate even more in-
tensively. The orga-
nization must allow 
component devel-
opment experts to 
use the available in-
house systems ex-
pertise at any time.
The entire system
Definition
The entire timing drive system includes the 
camshaft drive itself with a chain or belt, the 
camshaft phasing unit and the different de-
signs of valve actuation (Figure 1). This may 
also include a spur gear – if only one of the 
two overhead camshafts are directly driven 
– as well as the connection to the crank-
shaft.
Higher-level development targets
The target of designing an optimum valve 
train follows the normal premises of engine 
development: The priority is to safeguard 
Figure 1 The entire timing drive system: Camshaft drive with a chain as in 
this photo or with a belt, camshaft phasing unit and different 
designs of valve actuation
Schaeffler Technologies GmbH & Co. KG, Solving the Powertrain Puzzle,
DOI 10.1007/978-3-658-06430-3_22, © The Author(s) 2014
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the function of individual systems through-
out the operating life. An additional focus 
of development is placed on minimizing 
friction in the entire system. Almost as 
much importance is now attached to this 
task as achieving the functional targets. Ef-
forts to minimize noise emissions and, in 
particular, the moving mass have also be-
come established development tasks. To-
day’s preferred designs are derived from 
these requirements. The procedures used 
for developing valve train systems for many 
years have led to a great deal of expertise 
in this area. This means it is possible to 
draw up a design proposal for the valve 
train during the concept phase of the en-
gine. And this is precisely where the dilem-
ma starts: What might be the optimum 
valve train design can have grave disad-
vantages for the following systems and 
vice versa. The typical development pro-
cess of a valve train describes this chal-
lenge.
Initial situation in  
development
The main approach in engine development 
is to define the charge cycle processes. 
This ensures that the most important re-
quirements in the requirements specifica-
tion such as power, torque and exhaust 
gas values are met. The first individual sys-
tem to be considered is therefore the valve 
train. In this development stage, it is impor-
tant to select the optimum concept for the 
relevant application from numerous possi-
ble variants. During the second stage, a 
decision is made on whether and to what 
extent phase position adjustment of the 
camshafts is required. It is worth mention-
ing that responsibility is frequently trans-
ferred to another department during this 
phase. Different employees design the tim-
ing drive during the third stage and inte-
grate it into the engine while taking the first 
of the above mentioned restrictions into 
consideration. Work is usually carried out 
on a phased basis. With this approach, 
each individual development department 
must adhere strictly to the requirements, 
regardless of the knowledge that the re-
quirements for the adjacent systems can 
force them to use a design for their own 
component, which falls short of the opti-
mum in certain circumstances. Frequently, 
only marginal adjustments of the require-
ments for adjacent functions would be suf-
ficient to open up new options for the sys-
tem under development.
The assessment of this process 
shows both sides of the coin: On the one 
hand, extensive expertise is created up 
to the subsystem and component levels. 
On the other hand, it enables the realiza-
tion of a global optimum using, in princi-
ple, unnecessary iterations. This dilem-
ma can be solved if the automobile 
manufacturers involve their suppliers in 
development at the beginning of the con-
cept phase in order to combine the ex-
pertise at component and system level of 
all those involved. A comprehensive con-
sultation is most effective during this 
early phase. Some examples based on 
practical experience illustrate the poten-
tial for improvement.
Approaches for optimizing 
friction
With mechanical or hydraulic tappets, roll-
er tappets, roller followers or finger follow-
ers, development engineers have a wide 
variety of reliable technologies that have 
been tested worldwide. Well designed 
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roller-type finger follower valve trains in 
combination with hydraulic pivot elements 
usually have significant advantages with 
regard to their friction behavior compared 
to other concepts. This conclusion was 
reached after carrying out extensive tests 
on externally-driven cylinder heads. The 
arrangement of the camshaft in the cylin-
der head in relation to the space between 
the hydraulic pivot element and valve stem 
end can require a mounting position of the 
finger followers, which Schaeffler de-
scribes as a “pulled” follower arrange-
ment (Figure 2).
Further tests of the finger follower valve 
train have shown that the “pulled” follower 
has advantages over the “pushed” follower 
arrangement. This is because skewing of 
the “pushed” follower occurs under load 
due to its design (Figure 3). The “pulled” fol-
lower prevents this because it is self-align-
ing.
This is because the load is applied differ-
ently to the the follower by the cam. In a 
“pushed” valve train, the cams can cause 
misalignment in an axial direction at one 
end of the finger follower at low to medium 
speeds. At the other end, the follower is lo-
cated in position on the pivot element by a 
spherical piston head, which acts as a 
guide. “Pushing” in a lateral direction is 
prevented by the geometry at the pivot ele-
ment so that the resultant force acting on 
the follower cannot generate any further 
movement. At the other end, the lateral 
guides of the finger follower are in contact 
with the valve stem so that an equilibrium 
of forces exists between the valve and the 
cam. The forces acting through all the fol-
lowers on the entire shaft are totalized be-
cause the finger followers usually have a 
preferred direction. The simulation of this 
arrangement shows that the entire cam-
shaft is ultimately pressed into its axial 
bearing support. Corresponding tests 
clearly confirm the theoretically derived 
motion for all the tested parameter varia-
tions.
The increased force in the direction of 
the camshaft axis causes a higher drag 
torque of the cylinder head – which is 
greater if  conventional plain bearings are 
used. Tests have confirmed the conclu-
sion that rolling bearings are advanta-
geous here. This effect is reduced with 
increasing speeds because the time avail-
able for the cam lift is not sufficient to 
cause a significant increase in the axial 
force.
In the case of the pulled valve train de-
sign, the movement of the cam “pulls” the 
finger follower directly away from its fixed 
point – the spherical piston head on the 
pivot element. This process is compara-
ble with pulling a conventional suitcase on 
two rollers: The handle corresponds to 
the spherical piston head as the location, 
and the force is also applied here via the 
rollers, only on the floor instead of via a 
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to 0 N, max. 30 N
Figure 3 Comparison of forces acting on a “pulled” and a “pushed” follower
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cam. The resulting “pulling” force aligns 
the case in a straight line. However, if the 
case is pushed, it will veer to the side after 
a short distance. This pushed arrange-
ment corresponds with the “pushed” fol-
lower.
The force values recorded in compari-
son measurements correlate consistently 
with the friction measurements and verify 
the theory that with this combination no 
relevant transverse forces act on the cam-
shaft. In a comparison of both directions of 
camshaft rotation, the “pulled” follower 
concept has approximately 40 % less fric-
tion at low speeds (Figure 4). This direction 
of camshaft rotation has around 30 % less 
friction at a speed of 4,000 rpm.
The camshafts must be suitably posi-
tioned in order to realize this type of finger 
follower arrangement. The decisive refer-
ence point is the position of the finger fol-
lower roller. The boundary conditions for the 
timing drive and particularly for the phasing 
unit change significantly depending on this 
position.
The distance between the camshafts in 
combination with the maximum section 
height of the engine – this is defined from 
the requirements for the protection of pe-
destrians – are the most important specifi-
cations for subsequent designs.
Challenges during the 
optimization of the entire 
system
Camshaft phasing units
A suitable camshaft phasing system is se-
lected according to the required adjust-
ment speed and adjustment force as well 
as the adjustment angle, which must be 
covered. The oil pressure is also a rele-
vant input variable because hydraulic sys-
tems are normally used. The required per-
formance data determine the effective 
hydraulic surfaces and therefore the mini-
mum size of the system. However, the 
available mounting space is usually limit-
ed. If the ideal position of the camshafts in 
relation to the adjacent construction is not 
possible it will have the following implica-
tions: The maximum possible outside di-
ameter for the phasing unit is automati-
Figure 5 A positive example: The camshaft 
phasing unit is narrow, the sprocket 
is located on the camshaft
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cally reduced if there is a smaller distance 
between the camshafts. But if the cam-
shafts have to be positioned further apart, 
they may be too close to the lateral limits 
of the cylinder head or valve cover. In this 
case, the only solution is to extend the de-
sign envelope in a longitudinal direction to 
ensure the phasing unit has the required 
hydraulic power. The first conflict of objec-
tives occurs if this solution is not possible. 
However, not all the questions are an-
swered even if a phasing unit with a longer 
design is possible (Figures 5 and 6): The 
latter must be screw mounted, i.e. the 
cover and sprocket are clamped together 
by a number of screws, which pass 
through the phasing unit. The forces re-
quired are relatively high and the design of 
the screw connection is very complex and 
critical. In addition, the sprocket is no lon-
ger directly located on the shaft. In con-
trast to a sprocket fitted directly on the 
shaft, the screw connection leads to toler-
ances, which affect the radial runout of 
the system. This imbalance causes addi-
tional excitations, which can impair the 
adjustment function, or have further dis-
ruptive effects on the smooth running of 
the timing drive.
The outside diameter of a phasing 
unit with a specified length is not only de-
fined by the power requirements of the 
hydraulic system but also by the speci-
fied ratio of 1:2 between the teeth on the 
crankshaft and camshaft. This requires a 
fixed number of teeth - usually an even 
number - on the camshaft. Not all possi-
ble combinations can be realized in prac-
tice: If the “correct” combination in rela-
tion to the number of teeth required on 
the camshaft results in an outside diam-
eter, which does not allow the specified 
distance between the camshafts, it can-
not be implemented as in the converse 
case. The system is then too small and 
cannot transmit the required power due 
to physical reasons.
This can ultimately mean that the targets 
must be changed or a completely different 
solution must be developed. One alternative 
is an arrangement where only one camshaft 
is directly driven by the timing drive. This 
means the problem regarding the restricted 
space between the camshafts is rectified 
and the outside diameter is only limited by 
the section height of the engine in the vehi-
cle. This is generally the normal approach 
for timing drives although this measure 
Figure 6 A negative example: The cover and 
sprocket of the phasing unit are 
clamped together by means of 
screws. Any tolerances can affect 
the radial runout.
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does have an impact if the engine is consid-
ered as a whole.
Firstly, a drive must be provided for the 
second camshaft – either a second chain 
or belt drive or a spur gear stage. This al-
ways creates additional space require-
ments in the longitudinal direction of the 
engine. In certain circumstances, the 
camshafts must also be extended. The 
design of the cylinder head and valve cov-
er is significantly more complex on this 
side. Even an oil supply must be integrat-
ed if a hydraulic tensioner is required for 
an additional chain drive. Firstly, this 
means an additional consumer must be 
taken into consideration in the oil system. 
Secondly, it results in an increased outlay 
when designing the oil ducts. These 
changes inevitably result in a heavier and 
more expensive engine. Additional pro-
cess steps are also required in volume 
production assembly. Because more 
highly-dynamic components are used, the 
system is also more susceptible to vibra-
tion and noise generation, which can 
sometimes only be managed by using 
complex solutions; this applies especially 
to spur gear stages.
Last but not least, these components 
also generate friction in addition to noise, 
weight and costs. The resultant friction 
losses under unfavorable conditions are 
larger than those, which the change to a 
“pulled” valve train eliminated. In the worst 
case, the net result is worse than a con-
cept where compromises have been 
made in the design of the valve train if it is 
equipped with an optimum camshaft 
phasing system.
Track position of the chain  
or belt drive
In addition to the design analysis de-
scribed above, the position of the chain or 
belt track relative to the first camshaft 
bearing has a significant influence on the 
phasing unit concept. If there are many 
unfavorable requirements resulting from 
the design and arrangement of the adja-
cent components, this can lead to solu-
tions as shown in Figure 7.
There are noticeable restrictions for 
the required phasing unit concept. The 
stator implemented here may be regard-
ed as a sophisticated design but its man-
ufacture is very expensive. Further costs 
are incurred during manufacturing be-
cause additional quality assurance mea-
sures are required. Clever positioning of 
the track for the chain or belt drive would 
allow a phasing unit design, which not 
Figure 7 A negative example: The phasing 
unit gear is connected via a narrow 
web. Manufacture of the stator is 
expensive. 
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only operates more efficiently but also 
has a positive influence on the timing 
drive due to its reduced mass (Figure 8). 
Lightweight components usually cannot 
fully compensate for the increased weight 
of a design because they soon reach 
their limits with regard to component 
strength.
Selection of the chain or belt drive
The decision about whether the require-
ments are better met by using a chain or a 
belt timing drive must be clarified initially 
depending on the complexity and number 
of shafts to be driven. Chain drives and 
dry toothed belt drives have the longest 
history on the market and have reached a 
corresponding level of sophistication (Fig-
ure 9). In contrast, the wet belt or BiO (belt 
in oil) is still a new product. If correctly de-





















































Figure 9 Whether it is a chain, belt in oil or dry belt: The specific requirements determine the 
selection of the chain or belt drive
Figure 8 A positive example: The chain runs 
centrally in the chain tunnel
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parable with regard to their operating life. 
Irrespective of the type of chain or belt 
drive used, it is important to start the de-
tailed design at an early stage in order to 
precisely work out all the potentials and 
risks. Even if it has favorable prerequi-
sites, an effective, low-friction system can 
still fail to meet the targets with regard to 
important parameters. In some cases, 
moving the location of the camshaft by 
just a few tenths of a millimeter is suffi-
cient to turn a good system into an unsat-
isfactory system.
Belt
If a decision is made to use a dry toothed 
belt, the engine and camshaft phasing 
units must be sealed against the ingress 
of oil from the engine’s oil circuit. This 
negative effect is compensated by the 
advantage that a high measure of flexibil-
ity is maintained during the implementa-
tion of the design. A belt in oil eliminates 
this disadvantage. This can result in a 
slight advantage with regard to noise 
emissions due to the integration of the 
belt into the engine, although this de-
pends on the application. The belt in oil 
allows the same degree of design free-
dom as the dry belt. In comparison to a 
chain, both designs of belt have the ad-
vantage that timing belts with an odd 
number of teeth can be manufactured. 
This means it is easier to make adjust-
ments to the entire arrangement. In con-
trast, smaller sprocket diameters are 
possible with chains without having a 
detrimental effect on the operating life.
Chain
As in the case of a belt, the first step is 
usually to determine the required number 
of sprocket teeth on the shafts. Ideally, 
the number should be as large as possi-
ble in order to minimize the polygon ef-
fect. At the same time, a check is made to 
ensure that the number of chain links re-
quired is not a common multiple of the 
number of teeth on the crankshaft sprock-
et. This results in improved noise and 
wear behavior. The length of chain re-
quired is determined from the number of 
teeth and the distance between the 
shafts. Chain drives can only be manufac-
tured in variants with an even number of 
chain links. This has a significant influence 
on the chain line. It is worthwhile investing 
sufficient time in consideration of the pos-
sible variants with regard to chain pitches, 
the possible number of teeth and design 
of the chain line. An ideally designed chain 
line usually ensures quiet and dynamically 
correct running of the entire system in the 
fired engine. It also forms the basis for a 
low-friction system.
Interdependence with adjacent 
components
Individual boundary conditions, for exam-
ple design envelope requirements, are oc-
casionally so restrictive that they lead to 
functional impairments. This can mean that 
chain guides with pronounced curves 
must be inserted in the driving side of the 
chain drive. These inevitably increase the 
friction due to the higher normal forces. 
This also applies for a belt if it requires a 
pulley on the driving side.
The slack side is assessed differently. 
Excitations on the system resulting from 
dynamic chain loads are damped by the 
chain tensioner via the tensioning rail ar-
ranged on the slack side of the chain 
drive. The form of the rail affects the way 
and intensity, with which these impulses 
are transmitted. However, the first im-
pression does not always correspond 
with the actual result: A clever design – 
even one with small radii – allows lower 
mean chain forces to be achieved than in 
chain drives designed to reduce the nor-
mal force acting on the sliding layers by 




The current structures in development de-
partments correspond to the technical 
content of their systems. This is why it is 
difficult to consider all the systematic ef-
fects of valve control components. Experi-
ence at Schaeffler shows that optimization 
at component level does not often lead to 
the best possible result with regard to the 
entire system. In the worse case, for ex-
ample, the net result of an optimized valve 
actuation system is worse than a concept 
which allows compromises in the design of 
the valve train if it is equipped with an opti-
mum camshaft phasing system. This situa-
tion can ultimately mean that the targets 
must be changed or a completely different 
solution must be developed. Current proj-
ects confirm that the automobile manufac-
turers come to the same conclusion in their 
analysis of the development process. Their 
are different approaches for implementing 
a more efficient development process. 
Schaeffler achieves this by bundling all de-
velopment and application engineering de-
partments in one organization. It is also 
helpful if all the components of interactive 
systems are jointly developed at all loca-
tions. This simplifies matching the compo-
nents to one another. It is highly recom-
mended that system suppliers are involved 
in the new and further development of 
valve trains at the earliest possible stage. 
This allows the opening up of potential that 
was previously unused and rapidly leads to 
success.
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